
AFRL-OSR-VA-TR-2015-0219

Imaging Under Extreme Conditions

AHMED ZEWAIL
CALIFORNIA INSTITUTE OF TECHNOLOGY

Final Report
07/28/2015

DISTRIBUTION A: Distribution approved for public release.

AF Office Of Scientific Research (AFOSR)/ RTE
Arlington, Virginia 22203

Air Force Research Laboratory

Air Force Materiel Command



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing the burden, to the Department of Defense, Executive Service Directorate (0704-0188). Respondents should be aware that notwithstanding any other provision of law, no 
person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION. 
1. REPORT DATE (DD-MM-YYYY)

22-07-2015 
2. REPORT TYPE

Final 
3. DATES COVERED (From - To)

May 2011 - May 2015 

4. TITLE AND SUBTITLE

Imaging Under Extreme Conditions 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

FA9550-11-1-0055 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)

Zewail, Ahmed, H., Dr. 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

California Institute of Technology (Caltech) 

1200 East California Blvd. 

M/C 127-72 

Pasadena, CA 91125 

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Air Force Office of Scientific Research 

875 North Randolph Street 

Suite 325, Room 3112 

Arlington, VA 22203 

10. SPONSOR/MONITOR'S ACRONYM(S)

AFOSR 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Distribution Statement A: Approved for Public Release. 

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The study of materials and their surfaces under extreme conditions is fundamental to their functions and to control of properties. In order to 

visualize the changes in the structure, we have advanced ultrafast electron microscopy (and diffraction) to a new level. The electron pulses typically 

have an energy of 30 keV for diffraction and 100-200 keV for microscopy, corresponding to speeds of 33-70% of the speed of light. The 

atomic-scale resolution is achieved with a time resolution of femtoseconds, as reported in the publications; attosecond resolution has also been 

described therein. Such attosecond electron pulses are significantly shorter than those achievable with extreme UV light sources near 25 nm (~50 

eV) and have the potential for applications in the visualization of ultrafast electron dynamics. 

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF
ABSTRACT

SAR 

18. NUMBER
OF
PAGES

2 

19a. NAME OF RESPONSIBLE PERSON 
Dr. Ahmed H. Zewail a. REPORT

U 

b. ABSTRACT

U 

c. THIS PAGE

U 
19b. TELEPHONE NUMBER (Include area code) 

626-395-6536 

 
Prescribed by ANSI Std. Z39.18 

Adobe Professional 7.0 

Standard Form 298 (Rev. 8/98) 
Reset 

DISTRIBUTION A: Distribution approved for public release



INSTRUCTIONS FOR COMPLETING SF 298 

1. REPORT DATE. Full publication date, including
day, month, if available. Must cite at least the year and 
be Year 2000 compliant, e.g. 30-06-1998; xx-06-1998; 
xx-xx-1998. 

2. REPORT TYPE. State the type of report, such as
final, technical, interim, memorandum, master's thesis, 
progress, quarterly, research, special, group study, etc. 

3. DATES COVERED. Indicate the time during which
the work was performed and the report was written, 
e.g., Jun 1997 - Jun 1998; 1-10 Jun 1996; May - Nov 
1998; Nov 1998. 

4. TITLE. Enter title and subtitle with volume number
and part number, if applicable.  On classified 
documents, enter the title classification in parentheses. 

5a. CONTRACT NUMBER.  Enter all contract numbers 
as they appear in the report, e.g. F33615-86-C-5169. 

5b. GRANT NUMBER.  Enter all grant numbers as 
they appear in the report, e.g. AFOSR-82-1234. 

5c. PROGRAM ELEMENT NUMBER.  Enter all 
program element numbers as they appear in the report, 
e.g. 61101A. 

5d. PROJECT NUMBER.  Enter all project numbers as 
they appear in the report, e.g. 1F665702D1257; ILIR. 

5e. TASK NUMBER.  Enter all task numbers as they 
appear in the report, e.g. 05; RF0330201; T4112. 

5f. WORK UNIT NUMBER. Enter all work unit 
numbers as they appear in the report, e.g. 001; 
AFAPL30480105. 

6. AUTHOR(S).  Enter name(s) of person(s)
responsible for writing the report, performing the 
research, or credited with the content of the report. The 
form of entry is the last name, first name, middle initial, 
and additional qualifiers separated by commas, e.g. 
Smith, Richard, J, Jr. 

7. PERFORMING ORGANIZATION NAME(S) AND

ADDRESS(ES). Self-explanatory. 

8. PERFORMING ORGANIZATION REPORT NUMBER.

Enter all unique alphanumeric report numbers assigned by 
the performing organization, e.g. BRL-1234; 
AFWL-TR-85-4017-Vol-21-PT-2. 

9. SPONSORING/MONITORING AGENCY NAME(S)

AND ADDRESS(ES). Enter the name and address of the 
organization(s) financially responsible for and monitoring 
the work. 

10. SPONSOR/MONITOR'S ACRONYM(S).  Enter, if
available, e.g. BRL, ARDEC, NADC. 

11. SPONSOR/MONITOR'S REPORT NUMBER(S).

Enter report number as assigned by the sponsoring/ 
monitoring agency, if available, e.g. BRL-TR-829; -215. 

12. DISTRIBUTION/AVAILABILITY STATEMENT. Use
agency-mandated availability statements to indicate the 
public availability or distribution limitations of the report. If 
additional limitations/ restrictions or special markings are 
indicated, follow agency authorization procedures, e.g. 
RD/FRD, PROPIN, ITAR, etc. Include copyright 
information. 

13. SUPPLEMENTARY NOTES. Enter information not
included elsewhere such as: prepared in cooperation 
with; translation of; report supersedes; old edition number, 
etc. 

14. ABSTRACT.  A brief (approximately 200 words)
factual summary of the most significant information. 

15. SUBJECT TERMS. Key words or phrases identifying
major concepts in the report. 

16. SECURITY CLASSIFICATION.  Enter security
classification in accordance with security classification 
regulations, e.g. U, C, S, etc. If this form contains 
classified information, stamp classification level on the top 
and bottom of this page. 

17. LIMITATION OF ABSTRACT.  This block must be
completed to assign a distribution limitation to the abstract. 
Enter UU (Unclassified Unlimited) or SAR (Same as 
Report). An entry in this block is necessary if the abstract 
is to be limited. 

Standard Form 298 Back (Rev. 8/98) DISTRIBUTION A: Distribution approved for public release



AFOSR FINAL REPORT 
Due 8/14/15 

 
 
To:  http://afosr.reports.sgizmo.com/s3/ or technicalreports@afosr.af.mil 
Subject: Final Progress Report to Dr. Michael Berman 
From:  Professor Ahmed Zewail, Caltech 
 
Contract/Grant Title: Imaging Under Extreme Conditions 
Contract/Grant #: FA9550-11-1-0055 
Reporting Period: 15 May 2011 to 14 May 2015 
 
 
Annual Accomplishments: 
 
The study of materials and their surfaces under extreme conditions is fundamental to 
their functions and to control of properties.  In order to visualize the changes in the 
structure, we have advanced ultrafast electron microscopy (and diffraction) to a new 
level. The electron pulses typically have an energy of 30 keV for diffraction and 100-200 
keV for microscopy, corresponding to speeds of 33-70% of the speed of light.  The 
atomic-scale resolution is achieved with a time resolution of femtoseconds, as reported 
in the publications; attosecond resolution has also been described therein.  Such 
attosecond electron pulses are significantly shorter than those achievable with extreme 
UV light sources near 25 nm (~50 eV) and have the potential for applications in the 
visualization of ultrafast electron dynamics. 
 

A number of variant techniques of 4D Ultrafast Electron Microscopy (UEM) 
imaging have been reported including 4D tomography, sub-particle imaging, electron 
energy-loss spectroscopy, and photon-induced near-field microscopy, the PINEM effect. 
Publications of research at Caltech were reported in Science, Nature, JACS, JPC, 
ChemPhysChem, PNAS, Nano Lett., and Angewandte Chemie. 
 

The applications of 4D UEM (and diffraction) are numerous, and we have 
successfully reported, using direct imaging, the atomic-scale of molecular nanocrystals, 
the phase transition in metal-insulator transitions, the embryonic crystallization following 
extreme melting, the discovery of nanogating in quasi-1D materials, and the nature of 
interface electric fields for free nanoparticles and nanoparticles on surfaces. We also 
reported on the theoretical foundation for the phenomena, and research continues in 
these new directions. Recent highlights are published as overviews and reviews in 
Science (Review), Accounts of Chemical Research (Review), Scientific American, and in 
a book. 
 
 
Archival Publications (published) during reporting period: 
 

1) A. Yurtsever and A. H. Zewail, “Kikuchi Ultrafast Nanodiffraction in Four-
Dimensional Electron Microscopy,” Proc. Natl. Acad. Sci. U.S.A. 108, 3152 
(2011). 

2) S. T. Park, D. J. Flannigan, and A. H. Zewail, “Irreversible Chemical Reactions 
Visualized in Space and Time with 4D Electron Microscopy,” J. Am. Chem. Soc. 
133, 1730 (2011). 
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3) O-H. Kwon, V. Ortalan, and A. H. Zewail, “Macromolecular Structural Dynamics 
Visualized by Pulsed Dose Control in 4D Electron Microscopy,” Proc. Natl. Acad. 
Sci. U.S.A. 108, 6026 (2011). 

4) J. S. Baskin, H. S. Park, and A. H. Zewail, “Nanomusical Systems Visualized and 
Controlled in 4D Electron Microscopy,” Nano Lett. 11, 2138 (2011). 

5) S. Schafer, W. Liang, and A. H. Zewail, “Primary Structural Dynamics in 
Graphite,” New J. Phys. 13, 063030 (2011). 

6) O. F. Mohammed, D.-S. Yang, S. K. Pal, and A. H. Zewail, “4D Scanning 
Ultrafast Electron Microscopy: Visualization of Materials Surface Dynamics,” J. 
Am. Chem. Soc. 133, 7708 (2011). 

7) V. Ortalan and A. H. Zewail, “4D Scanning Transmission Ultrafast Electron 
Microscopy: Single-Particle Imaging and Spectroscopy,” J. Am. Chem. Soc. 133, 
10732 (2011). 

8) S. Schafer, W. Liang, and A. H. Zewail, “Structural Dynamics of Nanoscale Gold 
by Ultrafast Electron Crystallography,” Chem. Phys. Lett. 515, 278 (2011). 

9) S. Schafer, W. Liang, and A. H. Zewail, “Structural Dynamics of Surfaces by 
Ultrafast Electron Crystallography: Experimental and Multiple Scattering Theory,” 
J. Chem. Phys. 135, 214201 (2011). 

10) S. T. Park and A. H. Zewail, “Enhancing Image Contrast and Slicing Electron 
Pulses in 4D Near Field Electron Microscopy,” Chem. Phys. Lett. 521, 1 (2012). 

11) A. Yurtsever, R. van der Veen, and A. H. Zewail, “Sub-particle Ultrafast Spectrum 
Imaging in Electron Microscopy,” Science 335, 59 (2012). 

12) R. M. van der Veen, O-H. Kwon, A. Tissot, A. Hauser, and A. H. Zewail, “Single-
Nanoparticle Phase Transitions Visualized by Four-Dimensional Electron 
Microscopy,” Nature Chem. 5, 395 (2013). 

13) R. M. van der Veen, A. Tissot, A. Hauser, and A. H. Zewail, “Unusual Molecular 
Material Formed Through Irreversible Transformation and Revealed by 4D 
Electron Microscopy,” Phys. Chem. Chem. Phys. 15, 7831 (2013). 

14) S. T. Park, A. Yurtsever, J. S. Baskin, and A. H. Zewail, “Graphene-Layered 
Steps and their Fields Visualized by 4D Electron Microscopy,” Proc. Natl. Acad. 
Sci. U.S.A. 110, 9277 (2013). 

15) H. Liu, O-H. Kwon, J. Tang, and A. H. Zewail, “4D Imaging and Diffraction 
Dynamics of Single-Particle Phase Transition in Heterogeneous Ensembles,” 
Nano Lett. 14, 946 (2014). 

16) S. T. Park and A. H. Zewail, “Photon-Induced Near-Field Electron Microscopy: 
Mathematical Formulation of the Relation Between the Experimental 
Observables and the Optically Driven Charge Density of Nanoparticles,” Phys. 
Rev. A 89, 013851 (2014). 

17) W. Liang, G. M. Vanacore, and A. H. Zewail, “Observing (Non)Linear Lattice 
Dynamics in Graphene by Ultrafast Kikuchi Diffraction,” Proc. Natl. Acad. Sci. 
U.S.A. 111, 5491 (2014). 

18) U. Lorenz and A. H. Zewail, “Observing Liquid Flow in Nanotubes,” Science 344, 
1496 (2014). 

19) E. Najafi, T. D. Scarborough, J. Tang, A. H. Zewail, “Four-Dimensional Imaging 
of Carrier Interface Dynamics in p-n Junctions,” Science 347, 164 (2015). 

 
 
Some Recent Reviews & Books: 
 

1) A. H. Zewail, “Dreaming the Future,” Chem. Eng. News 89, 17 (2011); The 
Priestley Medal Address. 
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2) A. H. Zewail, “4D Electron Microscopy,” Science (Review) 328, 187 (2010). 
3) A. H. Zewail, “Filming the Invisible in 4D,” Sci. Am. 303, 74 (2010). 
4) A. H. Zewail and J. M. Thomas, “4D Electron Microscopy: Imaging in Space and 

Time,” Imperial College Press, London (2010). 
5) J. S. Baskin and A. H. Zewail, “Seeing in 4D with Electrons: Development of 

Ultrafast Electron Microscopy at Caltech,” Compt. Rend. Phys. 15, 176 (2014). 
6) A. H. Zewail, “4D Visualization of Matter,” Imperial College Press, London (2014). 

 
 
Changes in Research Objectives, if any:  None. 
 
 
Change in AFOSR Program Manager, if any:  None. 
 
 
Extensions granted or milestones slipped, if any:  None. 
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